We have investigated the correlation between nanoscale surface ripple patterns and the magnetic texture of polycrystalline iron and nickel thin films. The ripple patterns were created by ion beam sputter erosion of films evaporated on Si substrates with 5 keV Xe ions under grazing incidence and fluences between 10 15 and 10 17 cm −2 . The as-deposited films with an rms roughness of about 1 nm are magnetically isotropic. Sputter erosion reduced the coercive field of the films for all erosion conditions investigated. Sputter erosion at an incidence angle of 80
Introduction
In recent years, surface structuring using ion beams has attracted great interest. Nanoscale ripple and dot pattern formation by sputter erosion of surfaces has been observed for a variety of different materials [1, 2] . Generally, the formation of regular ripple and dot patterns is described by surface instabilities caused by a balance of competitive effects: smoothing due to surface diffusion or viscous flow and roughening due to anisotropic sputter erosion [3] - [5] .
A number of studies on ripple formation have been carried out on semiconductor surfaces [6] - [11] , graphite surfaces [12, 13] and also on single crystalline metal surfaces [14] - [16] . In the case of single crystalline metal surfaces, the surface atomic diffusion influenced by Ehrlich-Schwoebel barriers [17] might become the leading process responsible for the structure formation. To our knowledge, the sole report on ripple formation on polycrystalline metal thin films was published by Karmakar and Ghose [18] for polycrystalline Au, Pt, Cu and Co films eroded byAr ion sputtering. Recently, our group demonstrated ripple formation on polycrystalline Fe thin films [19] , showing that even in the presence of a high density of grain boundaries ripple formation with ripple wavelength larger than typical grain diameters may occur. In this case, Ehrlich-Schwoebel barriers and grain boundaries obviously do not dominate the structure formation process.
In nearly all studies on ripple pattern formation only the surface topography was investigated. However, a correlation between the surface structure and other physical properties, such as magnetic properties, may exist. This would allow one to tailor for example the magnetic properties of a thin film surface by controlled ion beam erosion. Berger et al [20] already reported on the correlation between the nanostructured morphology and the magnetic anisotropy in evaporated ultrathin epitaxial Co films on stepped Cu surfaces. Recent experiments on single crystalline ultrathin Co films deposited on Cu(001) show that sputter erosion produces Co nanowires oriented along the 110 direction which exhibited a uniaxial magnetic anisotropy aligned parallel to the nanowires [21, 22] . First results on correlations between surface ripple structures and magnetic texture for thick polycrystalline Fe films were recently obtained by our group [19] .
It is the aim of the present study to investigate the formation of nanometre sized surface ripples on polycrystalline ferromagnetic thin films exhibiting a correlated magnetic anisotropy and to investigate the underlying mechanisms. It will be shown that a pronounced uniaxial magnetic anisotropy within a 1-2 nm thick irradiated surface region of polycrystalline Fe and Ni thin films can be created with the easy axis parallel to the orientation of the sputter erosion induced ripple patterns. The results demonstrate the possibility of imprinting a strong uniaxial 3
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Experimental
We have chosen polycrystalline ferromagnetic thin films for several reasons: (i) simple film preparation by evaporation or sputter deposition, (ii) almost isotropic or quasi isotropic structural and magnetic properties of the films prior to erosion, (iii) the possibility of ripple formation studies on larger film surfaces, (iv) the possibility of ripple formation studies using multilayers, and (v) the preparation of ripple structures which are long term stable under ambient conditions and thus allow easy characterization with various techniques. Polycrystalline Fe and Ni films with initial thicknesses between 15 and 190 nm were deposited at the room temperature on Si(100) substrates of 7 × 10 mm 2 in shape using electron beam evaporation under ultra high vacuum conditions (base pressure 10 −7 Pa) with a growth rate of 0.1 nm s
. X-ray diffraction (XRD) analyses of the as-deposited and sputter-eroded films gave a full width at half maximum of FWHM = 0.8 (1) • for the Fe(110) diffraction peak and FWHM = 0.7 (1) • for the Ni(111) peak, corresponding to an average grain size of about 12-15 nm, calculated using the Sherrer formula, which can be applied to crystals of approximately 1-100 nm [23, 24] . Sputter erosion was carried out at room temperature using 5 keV Xe ions, ion fluences up to 1.2 × 10 17 cm −2 and an incident angle varying from 30 to 85
• relative to sample normal direction. The pressure during erosion was 2 × 10 −6 Pa. An electrostatic X-Y sweeping system was used to homogeneously distribute the ions over the sample surface area. The ion flux was about 1.5 µA cm −2 , so that heating of the samples by the ion beam is negligible. The values of the projected ion distribution and the damage distribution in the films were calculated using the SRIM2003 code [25] . For ions incident along the sample normal direction the ion range is about 4.1 nm, while for ions incident at 80
• to the normal direction the projected ion range is only 1.3 nm, for both Fe and Ni films. The corresponding damage profile for 80
• incidence angle has approximately a Gaussian shape (∼ exp (−x 2 /2σ 2 ) with x 0) with width σ = 1.05 nm. Each sample was analysed before and after Xe-ion sputtering by Rutherford backscattering spectroscopy (RBS) using a 900 keV He 2+ beam, in order to determine the initial and final film thickness, the experimental sputtering yield and the sputter depth. The elemental concentration profiles of Fe and Ni were deduced from the RBS spectra using the Data Furnace WiNDF software [18] . A weak signal from Xe is also detected by RBS, due to incorporation of about 1 at.% Xe in the near surface region. The sputtering yields determined by RBS are in good agreement with SRIM simulations [25] .
The magnetic characterization of the samples was focused on the measurement of the change of the coercive field, the magnitude of relative remanence, and the orientation of the in-plane anisotropy axis. In-plane hysteresis loops were measured at room temperature by longitudinal magneto-optical Kerr effect (MOKE) with a λ = 633 nm laser beam of 1.5 mm beam diameter at various azimuth angles ϕ with respect to the long axis of the samples. From this, the coercive field H c (ϕ), and the relative remanence M r /M s , with M r being the remanence magnetization and M s being the saturation magnetization, were determined. The laser intensity decreases exponentially with depth, with a characteristic length l = λ/4πk connected to the absorption index k of the metal. Thus, the analysing depth in our MOKE measurements is determined by l. Tabulated values of k can be found in [26] . For polycrystalline metals, experimentally determined values 4
Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT for k are given in [27] . Using k values taken for λ = 633 nm we get l ≈ 15 ± 1.5 nm for Fe and l ≈ 13 ± 0.7 nm for Ni.
The surface topography of the samples was investigated with atomic force microscopy (AFM) and scanning tunnelling microscopy (STM). The measured surface topographies were analysed by two-dimensional Fourier-transformation and autocorrelation function analyses.
Results and discussion
The initial surface topography of the as-deposited films did not exhibit any regular nanostructures and the rms surface roughness is about 1.0 nm. Isotropic magnetic properties are measured using MOKE for both the as-deposited Fe films and Ni films. The values of the coercive field H c and relative remanence M r /M s depend on the initial film-thickness. The as-deposited Fe films have a coercive field of 30-80 Oe and a relative remanence of 70-90%. The MOKE set-up with a maximum magnetic field of 1500 Oe could not saturate the magnetization of as-deposited Ni films with thickness larger than 75 nm. The measured hysteresis loops for Ni films gave a coercive field of over 200 Oe and a relative remanence around 50% based on extrapolated values for M s .
The sputter erosion of the Fe and Ni films produced a surface morphology, which depends on the chosen angle of incidence, ion fluence and ion energy. For films sputter-eroded at incidence angles up to 60
• no regular nanostructures were observed. Under these conditions, the surface becomes rougher with hillock structures, which tended to increase in height with increasing angle of incidence. A similar behaviour was found in 16.7 keV Ar + ion-eroded polycrystalline Co, Cu, Ag, Pt and Au films reported by Karmakar and Ghose [18] .
Distinct changes of the film surface morphology evolve for sputter erosion at incidence angles larger than 60
• . The corresponding STM images are shown in figures 1(a)-(d) for Ni films and in figures 1(e)−(h) for Fe films, sputter-eroded at 70 and 80
• with fluences of 1.2 × 10 16 and 2.5 × 10 16 cm −2 , respectively. For Ni films sputter-eroded at 70
• , nano-grains with elliptic form, superposed with some small bumps and depressions, are observed. At a fluence of 1.2 × 10 16 cm −2 ( figure 1(a) ), the long axis of the elliptic grains is nearly perpendicular to the direction of the incident ion beam. The grains have a size between 40 and 80 nm. A more regular and fine-grained surface nano-pattern occurs for erosion with 2.5 × 10 16 cm −2 ( figure 1(c) ). The orientation of the long axis direction of the elliptic grains deviates from the previous perpendicular orientation, but is still not parallel oriented to the ion beam direction. Compared to erosion with a fluence of 1.2 × 10 16 cm −2 , the short axis dimension of the grains has decreased but the long axis dimension is essentially unchanged. Both samples have a similar surface rms roughness of 0.9 nm. For Fe films sputtereroded at 70
• (figures 1(e) and (g)) the surface topography shows irregular hillock-like structures. The rms roughness is 0.8 and 0.5 nm for erosion with fluences of 1.2 × 10 16 and 2.5 × 10 16 cm −2 , respectively.
The STM images of the Ni films sputter-eroded at 80
• (figures 1(b) and (d)) show ripple structures in the form of grained nano-patterns with orientation parallel to the ion beam direction. For a fluence of 1.2 × 10 16 cm −2 , the ripples are oriented parallel to the direction of the incident beam with a wavelength of about 36 nm and a ripple length between 50 and 300 nm. The rms roughness is 1.3 nm. At a fluence of 2.5 × 10 16 cm −2 the ripple structures become more regular and the length of the ripples can reach more than 600 nm. In this case the rms roughness decreases to 1.0 nm and the ripple wavelength is about 25 nm. In the following, we discuss the correlation between the observed surface ripple structure and the magnetic anisotropy of the near surface region for the films shown in figure 2, Both as-deposited films were magnetically isotropic, having a relative remanence of 72 and 50% and a coercive field of 81 and 200 Oe for the Ni and Fe films, respectively. After sputter erosion, the coercive field reduced to 29 Oe for the Ni film and 51 Oe for the Fe film. The decrease of the coercive field is mainly attributed to the ion-irradiation-induced reduction 7
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• also leads to a decrease of the coercive field but does not generate a magnetic anisotropy. MOKE measurements of Ni and Fe films irradiated at incidence angles of 80
• (figures 2(e) and (f )) show a uniaxial magnetic anisotropy with the easy axis parallel to the ripple orientation and magnitudes of 9.0% for Ni and 3.3% for Fe, based on the angular modulation of the in-plane relative remanence. In addition, the uniaxial magnetic anisotropy of the Ni film exhibits a small four-fold magnetic anisotropy, too, which originates from the crystalline magnetic anisotropy. We attribute the observed magnetic anisotropy to a magnetic shape anisotropy caused by the ion irradiation induced ripple patterns.
The measured magnitudes of the uniaxial magnetic anisotropy have to be compared to the maximum anisotropy of the MOKE signal, which can be expected from the MOKE measurement under the given experimental conditions. As described above, the MOKE analysing depth, based on average tablulated values of the absorption coefficient k for single and polycrystalline Fe and Ni [26, 27] , is l = 13 nm for Ni and l = 15 nm for Fe, which is much larger than the Xe ion projected range of 1.3 nm, the damage depth distribution of width σ = 1.05 nm and also the maximum amplitude of the produced ripples of 1-2 nm.
Projected ion range and damage depth distribution are based on SRIM simulations [25] , because it is quite difficult to measure these quantities for nanocrystalline films. On the other hand, we have experimentally determined the sputtering yields by RBS and found good agreement with SRIM simulations. In addition, RBS reveals small amounts of residual Xe incorporated only in a near surface region (few nm) of the films. Using a newly installed high-resolution RBS set-up providing a near surface depth resolution of 1-2 nm, we expect to confirm the incorporation of residual Xe within the first 1-2 nm. In the paper of Moroni et al [21] Co films on Cu were sputtered by 1 keV Ar + ions at an incidence angle of 70
• and the Cu(920 eV) and Co(716 eV) Auger-peak intensity was analysed. The Co/Cu interface could be detected with a resolution of few monolayers, indicating that the projected ion range and the damage profile are in accordance with SRIM simulations (both values about 1 nm). We are therefore confident that the SRIM simulation provides reliable values for the projected ion range and the damage depth distribution. However, irradiation induced diffusion of Fe or Ni into the bulk cannot be excluded, but is expected to be a second order effect.
After sputter erosion, both films shown in figure 2 have a residual thickness of about 45 nm, which is much larger than the MOKE analysing depth. Therefore MOKE essentially analyses the bulk of the films which was not exposed to the ion beam. Figure 3 schematically shows the comparison between the depth distribution of the MOKE laser light intensity in the metal film, the residual film thickness, and the film surface ripple structure.
The ion erosion may influence the magnetic film properties in several ways. First of all, the ripple structure may induce a shape anisotropy, a surface magnetocrystalline anisotropy and anisotropy associated with morphological imperfections. These contributions are seen as the major cause for the in-plane uniaxial anisotropy correlated to the ripple orientation. Secondly, the ion induced damage may generate additional near surface grain boundaries which may act as pinning centres for domain walls. Thus, grain and domain sizes in the near surface region may be smaller compared to the average grain sizes from XRD analysis and the anisotropy may be confined to a near surface region. Thirdly, the ion induced damage and also the residual incorporated Xe atoms induce strain, which may cause a magnetoelastic anisotropy. Such contributions to a magnetic texture are discussed in the literature in particular in the context of ferromagnetic nanowires [30] - [32] .
Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Figure 3 . Schematic illustration of the correlation between the depth distribution of the MOKE laser light intensity, the initial and residual film thickness, and the film surface structure after ion erosion.
It is therefore plausible that (i) the surface is the source of the magnetic texture and (ii) the magnetic texture may be confined to a near surface region of a few nm thickness.
Let us therefore interpret the MOKE results, assuming as a model based on a two-layer system consisting of a thin surface region, corresponding to the width of the damage profile, which shall exhibit a complete uniaxial in-plane magnetic anisotropy due to a shape anisotropy. The underlying film shall remain magnetically isotropic. We therefore neglect in our model any magnetic coupling between surface region and bulk. In this case we can only expect a maximum anisotropy of the MOKE signal of a max = 10 ± 0.5% in the case of Ni and a max = 9 ± 1% in the case of Fe. These values are calculated from the integral of the normalized damage distribution exp (−x 2 /2σ 2 ) folded with the normalized intensity distribution exp (−x/ l) of the laser light inside the films. With residual film thickness d we obtain:
For d l σ, we obtain an approximate value
The measured uniaxial anisotropy of the MOKE signal of 9% for Ni therefore corresponds to a thin topmost Ni layer with 90 ± 5% uniaxial anisotropy, while the remaining unirradiated bulk of the film is still magnetically isotropic. For the case of the Fe film and the assumed two-layer model, the measured MOKE anisotropy of 3.3% corresponds to a uniaxial anisotropy of the surface region of about 36 ± 4%. Let us now assume the other extreme case, that the shape anisotropy generates a partial uniaxial magnetic anisotropy extending beyond the depth of the SRIM calculated damage profile at least comparable to the laser penetration depth l. This would imply that ion erosion has no significant effect on the near surface grain and domain size. In this case the measured MOKE anisotropy would directly yield the magnitude of the average uniaxial anisotropy.
At the moment, we cannot distinguish between both situations; however, we are currently investigating the MOKE anisotropy as a function of residual film thickness in the range 0-20 nm (comparable to or smaller than the laser penetration depth l ), which should provide information about the confinement of the magnetic texture to a near surface domain structure and the magnetostatic exchange length.
In a recent study Bisio et al [33] investigated atomic step contributions to the uniaxial magnetic anisotropy in epitaxially grown Fe/Ag(001) films. They observed a MOKE anisotropy which decreases with increasing Fe film thickness d according to 1/d. This was seen as evidence for the surface origin of the magnetic anisotropy [21] . However, a dependence on the MOKE depth sensitivity was probably not considered in these studies. Figure 4 shows our first experimental result of an initially 160 nm thick iron film, which was sputtered with 5 keV Xe ions at 80
• and a fluence of 1.2 × 10 17 cm −2 . The RBS spectrum shown in figure 4(a) indicates that the Fe film was almost totally sputtered off: the low but relatively broad Fe peak reveals that the Fe film is quite thin and only partially covers the Si substrate. Also the small step at the Si edge indicates a fraction of Si surface atoms. The elemental depth profiles are extracted from the measured RBS spectrum by means of WINDF software [34] and reveal a surface fraction of 57 at.% for Fe and 43 at.% for Si. The average height of the Fe ripples, which can be regarded as spatially separated Fe nanorods (schematically shown in figure 4(c) ), is figure 4(b) . The ripples have a wavelength of about 120 nm and a length between 100 and 500 nm. The STM measurement has been repeated for the same sample two weeks after first measurement, and the same ripple pattern has been observed, indicating a rather high stability of the produced ripple pattern under ambient conditions. The MOKE measurement of the in-plane relative remanence shown in figure 4(d) reveals a uniaxial magnetic anisotropy of 100%, with the easy axis aligned parallel to the ripple orientation and parallel to the incident ion-beam direction.
In the experiments on sputter-eroded ultrathin single crystal Co films, Moroni et al [21, 22] found a splitting of the hysteresis loops. In their experiment, the spacing of the oriented Co nanowires is only about 10 nm. The splitting of the hysteresis loop leading to a larger interval with zero Kerr signal is explained by pinning of the magnetization direction along the easy axis, i.e. the axis along the nanowires.
The hysteresis loops of our Fe sample for magnetic field aligned parallel and perpendicular to the nanorod axes is shown in figure 5 . For the easy axis we find a coercive field of H c = 26 Oe and a relative remanence close to 100%. For the field applied perpendicular to the nanorod axes, H c is nearly zero as is expected for magnetization rotation dominated by magnetic switching. A splitting of the hysteresis loop does not occur. Therefore, the Fe nanorods can still be considered as polycrystalline rods with an average grain size much smaller than the width and length of the rods.
Conclusion
We have investigated nanoscale ripple formation on polycrystalline Fe and Ni thin films induced by ion beam erosion using 5 keV Xe ions. We present clear evidence for a strong uniaxial magnetic anisotropy of a 1-2 nm thin surface region of the films. The magnetic anisotropy is correlated to the orientation of the ripple patterns and to the direction of the ion beam. The measured MOKE anisotropy is 9% for Ni films and 3.3% for Fe films. Assuming a two-layer model consisting of a magnetically isotropic bulk and a surface region with uniaxial magnetic texture and thickness comparable to the SRIM calculated damage depth distribution, the magnitude of the uniaxial magnetic anisotropy of this surface region would be about 90% for the case of Ni and about 36% for the case of Fe. The easy axis of the magnetic anisotropy is orientated parallel to orientation of the ripples and also parallel to the direction of the incident ion beam. It is thus possible to imprint a uniaxial magnetic texture with defined orientation onto a thin surface region of a polycrystalline ferromagnetic film by an incident ion beam.
Pronounced ripple patterns on polycrystalline Fe and Ni thin films with wavelength of about 100 nm and orientation parallel to the ion beam direction are observed for ion fluences above 2.5 × 10 16 cm −2 and for angles of incidence of 70 and 80
• with respect to the surface normal. At low ion fluences (1.2 × 10 16 cm −2 ) the rms roughness is slightly increased compared to the as-deposited films. However, with further increasing ion fluence the rms roughness decreases below 1 nm, slightly smoother than the as-deposited films. For incidence angles below 70
• , the sputter erosion did not produce regular nanostructures and did not produce a magnetic anisotropy, but only increased the rms roughness of the films.
Almost complete sputter erosion of a Fe film on Si produces an arrangement of Fe nanorods on the Si substrate with nanorod axes oriented parallel to the ion beam direction. In this case a 100% uniaxial magnetic anisotropy being parallel to the ripple orientation and parallel to the direction of the incident ion beam is observed.
Our results demonstrate the possibility to tailor nanostructured surfaces of polycrystalline ferromagnetic thin metal films as well as their magnetic properties by ion beam erosion, in particular to produce smooth nanoscale surface ripple patterns with wavelength in the order of 100 nm, rms roughness below 1 nm and with a very pronounced correlated uniaxial magnetic anisotropy.
